We demonstrate a compact continuous-wave single-frequency doubly-resonant optical parametric oscillator (DRO) in a double-pass pump configuration with a control of the relative phase between the reflected waves. The nested DRO cavity allows single longitudinal mode operation together with low threshold and high efficiency. Thermal effects are managed by chopping the pump beam, allowing continuous tuning of the emitted wavelength. The infrared idler wave (3200-3800 nm) can be used for gas detection and the threshold pump power is compatible with diode pumping.
Introduction
Continuous-wave optical parametric oscillators (cw-OPOs) have unique characteristics as infrared single-frequency tunable sources [1, 2, 3] that make them extremely attractive for many applications. In particular, their narrow linewidth and high power characteristics perfectly suit sensitive and high resolution spectroscopy applications. Depending on the number of waves resonant inside the cavity (signal, idler, and/or pump), they are called singly-, doubly-, or triplyresonant oscillators.
Only few years after the first demonstration of the laser, the first realizations of cw optical parametric oscillators were obtained with a doubly-resonant cavity and with multimode pump sources [4, 5] . They took advantage of the fact that the threshold of doubly-resonant OPOs (DROs) is much lower than the one of singly-resonant OPOs (SROs). However, since such a DRO must obey both energy conservation and cavity resonance conditions for the two resonant waves [6] , one usually observes a strong sensitivity of DROs to mechanical instabilities.
Moreover these oscillators are difficult to tune since the two resonant waves share the same cavity. This explains why more efforts have been devoted to SROs than to DROs when it comes to controlling the wavelength of oscillators over large wavelength tuning domains, for example for gas analysis [7] .
Nevertheless, recently, technological progress in nonlinear media and innovative cavity designs have led to renewed interest in low threshold DROs [8, 9, 10, 11] . On the one hand, the use of monolithic cavities has greatly improved the mechanical stability [9, 10, 11] , but leaving the problem of broad frequency tunability unresolved. On the other hand, Colville et al. [8] have
shown that a cw-DRO with separated cavities allows to control the frequencies of idler-signal mode pairs. Even more recently, new approaches have allowed to build monolithic and stable cavities while preserving the independent tunability of the signal and idler cavity lengths [12] . Still more recently, such a design has led to the development of the so-called nested-cavity OPO which takes advantage of double pump pass in the nonlinear crystal to further reduce the threshold. In this design, the frequency control is improved by managing the relative phase of the three waves after reflection on the end cavity mirror [13, 14] . This has been made possible by the use of a metallic mirror, instead of a dielectric mirror, as cavity rear mirror, in order to control the achromaticity of the relative phase of the three waves upon reflection on that mirror. This approach has led to excellent results in the pulsed regime. However, many applications would benefit from a cw or quasi-cw emission in order to improve the average emitted power and thus the signal-to-noise ratio. However, one must notice that the use of a metallic cavity mirror, which introduces several percents of losses for both the signal and idler, will lead to a significant increase of the threshold with respect to a low-loss dielectric mirror. If we want to keep the OPO single-frequency and tunable, we have to pump it with a single-frequency laser. Of course, the use of a single-frequency laser diode would allow us to keep the system compact and rugged. But the maximum power of commercially available single-frequency diodes at 1064 nm is of the order of 1.5 W [15] . The aim of the present paper is thus to investigate the cw operation of a nested-cavity DRO which must have the following characteristics: i) the rear cavity mirror is chosen to be metallic in order to make of the relative phase of the reflected pump, signal, and idler waves independent of wavelength. Together with the wedge of the output face of the nonlinear crystal, this achromatic phase upon reflection must ensure the tunability of the OPO; ii) the OPO dimensions must be kept as small as possible; iii) the threshold must be compatible with singlefrequency diode pumping; iv) one must make sure that the OPO frequencies can be tuned similarly to what was obtained in pulsed regime [16] . In particular, the role of thermal effects and their impact on the frequency control of the OPO are experimentally explored.
Experimental setup
The experimental setup is schematized in Fig. 1 The double-pass pump configuration allows to create parametric gain in the two directions of propagation, provided the relative phase between the three waves after reflection by achromatic mirror M 3 is controlled [17] . To this aim, the end-face of the crystal, which is anti-reflection coated for all wavelengths, is cut with a 0.4
• angle. This wedge, together with the fact that mirror M 3 is achromatic, is the particularity of the present OPO design with respect to other nested cavity DROs. This idea has been initially introduced for pulsed OPOs [13] . The wedge angle permits to control the round-trip gain curve because it permits to tune the relative phase of the three waves after reflection by simply translating the crystal perpendicularly to the propagation direction. Furthermore, the fact that M 3 is acromatic (metallic) leads to the fact that the relative phase between the three waves is not altered upon reflection. The present work is the first investigation of this configuration in cw regime.
Mirrors M 1 and M 3 are fixed on piezoelectric transducers (PZTs). The PZT carrying M 1 allows to change the idler cavity length only, while the PZT carrying M 3 allows to change the length of both cavities. This control permits to select only one pair of idler and signal frequencies.
The pump laser at 1.064 µm is a 10 W single-frequency solid-state MOPA (Master Oscillator Power Amplifier). After collimation and passage through an optical isolator, its power is adjusted using the combination of a half-wave plate and a polarization beam splitter. The pump beam is then focused to a 100 µm waist diameter inside the OPO crystal. This pump beam size is selected to optimize the parametric conversion efficiency. However, since this threshold is well below 1 W, we believe that the present architecture is a good trade-off between potential diode pumping and tunability.
CW operation characteristics
Up to 50 mW idler power is achieved for a 1.5 W pump power. This efficiency is not very high, especially compared to bulkier SROs [18] . But it is not far from being sufficient for trace gas detections and the achieved thresholds are below 1 W, contrary to Ref. [18] . Moreover, although the use of a lossy metallic mirror is detrimental to the efficiency of the OPO, this output power could probably be improved by optimizing the transmission of mirror M 1 and the length of the nonlinear crystal. The inset in Fig. 2 shows the spatial profile of the idler beam.
The fringes are due to spurious reflections inside the filter protecting the camera.
At two times above threshold and a crystal temperature equal to 110
• C, we We analyze the spectral purity of the OPO using an optical spectrum analyzer and a Fabry-Perot interferometer operating around 1.5 µm. The resulting free-running spectra are reproduced in Fig. 3 . They show that the signal beam exhibits only one frequency. Since the pump laser is also single-frequency, this proves the single-frequency operation of the idler beam. By scanning the two cavity lengths (by sending ramp voltages on the two PZTs simultaneously), one can measure the available parametric gain bandwidth for one poling period at a given temperature (110
• C in the present experiment). Fig. 4 reproduces three such spectra recorded for three different pump powers (two, three, and four times above threshold) for a poling period Λ = 30.25 µm. One notices that the DRO can be tuned over more than 1 nm, while maintaining single-frequency operation. Besides, when the pump power is increased, the oscillation bandwidth increases also and is shifted to longer wave-lengths. This shift evidences the role of thermal effects inside the crystal. Indeed, phase-matching calculations confirm that the signal wavelength increases with the crystal temperature. The red shift is compatible with the temperature rise due to the presence of the three waves inside the crystal, which modifies the refractive index and the poling period of the crystal. Wavenumber (cm -1 )
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Management of thermal effects and tunability
As shown by the results of Fig. 4 , thermal effects play a more important role in cw regime than in pulsed regime [13, 14] . Indeed, in cw regime, we observe that tuning the position of mirror M 1 or mirror M 3 does not allow to tune the frequencies of the OPO in a controllable and reproducible manner. In order to reduce the influence of these thermal effects while keeping the same peak power for the OPO, we chose to mechanically chop the pump beam at the entrance of the OPO (for a similar technique applied to SROs see Refs. [20, 21, 22] ).
In these conditions, we record the evolution of the OPO signal power versus time. Fig. 6 reproduces such evolutions for two different chopping frequencies. Such chopping frequencies larger than 1 kHz are optimal for photoacoustic detection of trace gases [14] . We have thus characterized the tuning capabilities of our nested cavity OPO while the pump is chopped at 4 kHz. The results of Fig. 7 illustrate this tunability. Fig. 7(a) corresponds to the evolution of the OPO wavelength when a sinusoidal voltage at 100 mHz is applied to the PZT carrying mirror M 1 . In this situation, only the idler cavity length is modulated.
This figure shows that in the presence of the chopper, the OPO behaves like the preceding examples of nested cavity OPOs that were operated in the ns regime [13] . In this configuration the radius of curvature of mirror M 3 is 30 mm and the idler peak power is equal to 34 mW.
Indeed, tuning the length of the idler cavity allows to explore the parametric gain bandwidth by successive mode hops. When the voltage is applied to the PZT carrying mirror M 3 [see Fig. 7(b) ], both idler and signal cavity lengths are modulated. This explains the more complicated shape of the wavelength evolution. However, here also the wavelength evolution is reproducible. This shows that the present architecture is compatible with tuning strategies earlier developed in the nanosecond and microsecond regimes [14, 16] , while being optimized for photoacoustic detection modulation frequencies.
Conclusion
In conclusion, we demonstrated a continuous-wave doubly resonant optical parametric oscillator based on a nested linear cavity. Single longitudinal mode operation was obtained with low threshold power (< 500mW) compatible with diode laser pumping. The control of the oscillation bandwidth resulting from the fine adjustment of the relative phase between the back-reflected waves, obtained by the beveled crystal end-face, was obtained in continuous-wave regime. Moreover, the thermal effects inherent to the cw operation regime have been shown to be quite easy to manage by chopping the pump laser at frequencies optimized for photoacoustic absorption spectroscopy. This opens the possiblity to use such
